In these Supplementary Materials (SM), we first discuss the details of the experimental setup and sample preparation in section S1. Next we discuss the fitting procedures and error analysis for the electron temperature dynamics using Tr-ARPES measurements in section S2. The electron population dynamics are extracted in section S3. In section S4, the dynamics of exchange splitting are extracted and the fitting procedures are described, while the change of exchange splitting by heating Ni above the Curie temperature is shown in section S5. In section S6, the data analysis of Tr-TMOKE experiments are explained. The momentum-dependent Tr-TMOKE results are shown in section S7. The fitting and extraction of the "transient" electron and magnetic heat capacity are explained in section S8. In section S9, we discuss the influence of the electron-phonon coupling and the heat diffusion to the model of Eq. (1) in the main text.
section S1. Details of experimental setups.
The detailed experimental setup of Tr-ARPES is shown in fig. S1A . We use a multi-pass Ti:Sapphire laser system to generate 28 fs pulses at a wavelength of ~780 nm (~1.6 eV) with pulse energy of 2.0 mJ and a repetition rate of 4 kHz. Most of the laser energy (95%) is used for high-harmonic generation (HHG), while a small portion (5%) is used to excite the sample as the pump. To generate HHG, we send 95% of the laser power into a 200 μm thick β-phase barium borate (BBO) crystal, which produces pulses at a wavelength of ~390 nm with pulse energy ~ 0.3 mJ. The residual 780 nm light is removed from the beam path using two dichroic mirrors after the BBO. The 390 nm light is then focused using a lens with 50 cm focal distance into a 1-cm-long capillary waveguide. The waveguide has an inner diameter of 150 μm and is filled with Xe at a pressure of ~20 Torr or Kr at a pressure of ~60 Torr. The HHG beam is focused onto the nickel sample in the UHV chamber using a toroidal BK7 mirror to a spot size of ~100 µm in full width of half maximum (FWHM). Any residual driving laser light is blocked by a 200 nm thick polycrystalline Al filter. The excited photoelectrons are collected by a hemispherical electron analyzer. The energy resolution is calibrated using the photoemission spectrum from a polycrystalline Cu at the room temperature and yields ~160 meV. For ARPES, the atomically clean Ni(111) surface is obtained in-situ using repeated cycles of Argon ion sputtering (0.5 keV) at room temperature, followed by annealing to 900 K for 15 minutes.
The linearly polarized 780 nm pump beam is recombined collinearly with the HHG beam using an annular silver mirror and focused onto the sample surface. The pump fluence is varied by the combination of a half waveplate and a polarizer, as shown in fig. S1A . The pulse durations of the pump-probe experiment is directly measured in-situ using the laser-assisted photoemission (LAPE) method. In the LAPE measurement, p-polarized pump light is focused onto the sample surface. When the pump pulse temporally overlaps with the HHG-probe pulse, a side band can be clearly observed at an energy 1.6 eV away from the main photoemission peak, which allows us to extract the cross-correlation of the pump and probe pulses. The side band intensity as a function of td obtained from LAPE measurement is shown in fig. S1B . We note that in order to avoid the influence of LAPE signals on our measurements of ultrafast charge and exchanging splitting dynamics, we switch to s-polarized IR pump in the other two measurements.
For the Tr-TMOKE experiments, the experimental layout is given in fig S1C. A regenerative Ti:Sapphire amplifier system is used to generate pulses of up to 1.8 mJ at a repetition rate of 5 kHz. The beam is then split with a 10:1 beamsplitter for use in the pump/probe configuration.
The probe beam is focused with a 50 cm lens into a hollow core fiber with a diameter of 150 µm.
The hollow core fiber is filled with He gas at a pressure of 1 Torr, where high harmonics of the fundamental beam are generated. After the harmonics are generated, the beam passes through an iris to remove some of the residual fundamental mode, is reflected by a toroid with an effective focal length of 30 cm, and passes through an aluminum filter of thickness 500 nm. Next, the harmonic beam is rejoined by the p-polarized pump beam, and the two are incident on the sample at an angle of 48 degrees measured with respect to the normal. The timing of the pump beam with respect to the probe is controlled by a mechanical delay stage. The power in the pump arm is controlled by a polarizer and mechanical half waveplate combination (for fluence dependent studies). The FWHM of the pump pulse for both the TMOKE and reflectivity measurements at the location of the sample was determined to be 55 fs by in-situ frequency resolved optical gating measurements. After reflecting off the sample, the HHG probe reflects off a grating (500 lines/mm) placed in the conical mount configuration and passes through two more aluminum filters of thickness 200 nm before being measured by an Andor Newton X-ray CCD detector.
In both experiments, the spot sizes of pump are measured using the knife-edge method in-situ at the sample location. The pump fluence in this work is defined as 
where A is the amplitude parameter, FD the Fermi-Dirac function. DOS in eq. S1 is the densityof-states function, modeled as a Lorentzian peak with a peak center at EF-EB and a peak width of σL. Here, EB is the binding energy of the state. The function is finally convolved with a Gaussian function (Gauss) with a width σG, which represents the energy resolution of ~160 meV in our experiments. The fitting error of the photoemission intensity to eq. S1 is defined as σfit.
We note that with pump fluences F>2 mJ/cm 2 , the space charge effects caused by surface charging and multi-photon photoemission induced by the IR pump laser are inevitable, and induce time-dependent energy shifts of the photoemission spectra in the Tr-ARPES experiments(45). At the same time, because we are only interested in the photoemission intensity within ~1 eV across EF, the space-charge induced energy shifts in this small energy window can be assumed to be an energy-independent constant. As a result, in eq. S1, we model the Fermi energy EF as a time-dependent parameter, while the binding energy of the state (EB) is a timeindependent parameter. Because the electron temperature Te is determined by the slope of FD function across EF, this fact allows us to mostly decouple Te from the space-charge induced energy shifts in the fitting procedure.
When fitting the photoemission intensities at different td to eq. S1, we first determine the timeindependent parameters (EB, σL) with the spectrum obtained at td before the pump-probe time zero (e.g. td = -500 fs). Then we can fix these parameters in the following fitting procedures for the other td. Typically, EB ≈ 0.15 eV and σL≈ 0.4 eV are used for all the data sets. The timedependent parameters EF and Te can be reliably extracted using the fitting procedure described Moreover, the energy resolution of ~160 meV in our experiments places a lower limit on the electron temperature we can extract from the experiments and this limit has to be considered as part of the errors in our data analysis. In order to determine how much the errors from the energy resolution contribute, we model a FD distribution with a given temperature Treal and convolve it with the energy resolution ~160 meV, which is represented by a Gaussian function. A random noise of 2% of the maximum intensity is added to model the realistic data. Then the generated distribution is fit to the same fitting function as eq. S1, but with DOS = 1.0. The electron temperature extracted from this fitting procedure is defined as Tfit. We found when the Treal < 200K, the fitting procedure we used failed to extract the correct electron temperature, defining the lower limit of the electron temperature we can extract from the experiment with ~160 meV energy resolution. But this uncertainty is decreased to only <10 K when the electron temperature is above the room temperature (300 K). The energy-resolution-induced uncertainty of electron temperature is also taken into consideration as σres= |Treal -Tfit| in the final data plotting. The total error of electron temperature ( Fig. 3B and 4A ) is defined as 2 fit
. We note that in the temperature range in our experiments (>300 K), σtot is mostly contributed by σfit.
section S3. Dynamics of the electron population at 1.6 eV.
The electron population change below and above EF can be directly measured using Tr-ARPES.
The change of photoemission intensity taking the ground-state intensity (td = -500 fs) as the reference is plotted in fig. S3A . We extract the electron population dynamics in two different regions with ΔE = 0.2 eV as the size of energy window at: (a) E = 0.1 eV and (b) E = 1.6 eV, as shown in fig. S3A . The change of electron population is measured by the integrated photoemission intensity in each energy window, taking the values before pump-probe time zero as the reference:
. We also normalize Δn to the electron population of nickel conduction band before the time zero:
for regions (a) and (b) with pump fluence F~6 mJ/cm 2 is plotted in fig. S4B . We find while the population change at E=0.1 eV reaches 8% of the groundstate band electron population density, the increment at E=1.6 eV is only ~0.8% in maximum.
The electron density directly excited by the IR pump laser can be calculated by
assuming single-photon excitation, where F is the pump fluence, R the reflectivity, δ the skin depth and   =1.6 eV the photon energy. The values of R and δ are given in table S1. We find the electron density directly excited by pump photons is ~4.5 nm -3 for the pump fluence of ~6 mJ/cm 2 . This value corresponds to ~0.55% of the d band electron density in nickel, if we consider there are 9 d electrons per nickel atom, which is in good agreement with the value we obtained at E = 1.6 eV above EF. From fig. S3B , we find that the electron population at E=1.6 eV rises at the same time as those at E=0.1 eV and its population is only ~0.8% of the band electrons, excluding strong influence directly from the photo-excited non-equilibrium electron population to our electron temperature measurement. Our results suggest the electron bath in nickel thermalizes in a very short time after pump excitation, consistent with the strong electronelectron interactions reported in previous works (23, 24). 
. The extracted Eex is ~240 meV in the ground state, which is consistent with previous works at a similar Brillouin-zone (BZ) point (21). (111) Cyan, blue and green curves represent the extracted Voigt peaks for m=1, 2 (majority band) and 3(minority band).
fig. S4. Analysis of exchange splitting. (A) and (B) Photoemission spectra of Ni
We note that our analysis shows that Eex does not vanish after pump excitation. (Same as the sample is heated up across the Curie temperature, see below.) It has been shown that the absolute value of exchange splitting measured in the spin-integrated photoemission depends on the model and the fitting strategy(47). In our work, the 160 meV energy resolution, as well as the fact that the fitting model in which two peaks (majority and minority bands) are always assumed to exist, constitute the limit of our ability to resolve the collapse of the exchange splitting beyond ΔEex = 60 meV. In order to extract reliable dynamics of the exchange splitting, we consistently used the same fitting strategy as described above for different time delays as well as different fluences.
The fact that the extracted dynamics of exchange splitting can agree with the demagnetization process measured using Tr-TMOKE method ( Fig. 2A and D in the main text) also validates our fitting strategy and strongly suggests that the dynamics of Eex can represent the dynamics of magnetization after pump excitation. At the same time, the difference of exchange splitting for fluence below and above Fc at td = 2 ps can be clearly resolved from the raw experimental data as shown in fig. S4D and F.
The change of the exchange splitting (ΔEex) as a function of td under different pump fluence are fit to Eq. 2 of the main text. We find the results can be fit with a set of fluence-independent time constants: τdemag=176±27 fs, τrecover1=537±173 fs, as plotted in fig. S5A . In order to accurately determine the time constants of slow recovery process (τrecover2), we conducted the measurements on the sample magnetization using Tr-TMOKE at large time delays as shown in fig. S5B . The fitting result yields a time constant of τrecover2=76±15 ps. Energy distribution curve extracted at the momentum where the red dashed line is located. The exchange splitting (Eex) can be clearly extracted using fitting procedure described in Section S4.
(B) Eex change reduces as the sample temperature increases.
section S6. Method for extracting TMOKE asymmetry dynamics from HHG spectra.
In the Tr-TMOKE experiment, to extract the asymmetry dynamics at the nickel edge, we use a spectrometer as shown in fig. S1C . We take an average of the signal over an energy range of the spectrometer approximately equal to 1.2 eV for each harmonic, although we note that this width is also convolved with the spot size of the HHG beam after reflection off the grating. We select the harmonics corresponding to the 43 rd and 45 th harmonic of the fundamental laser (corresponding to energies of 65 and 68 eV) in the data analysis procedure. Finally, we normalize the data before the pump pulse arrives by taking the average value of the static asymmetry. We use the standard deviation in values for static asymmetry measured before the sample is pumped to determine the error bars for the TMOKE measurement.
section S7. Momentum dependence of TMOKE measurements.
In order to investigate the momentum dependence of the Tr-TMOKE measurements, we took several different time-resolved asymmetry measurements with different crystal lattice orientations relative to the applied field B, with an incident pump fluence of 2.8 mJ/cm 2 . These fig. S8A . By doing so, we assume the order parameters for the critical behavior of heat capacities are preserved in laserinduced phase transition. At the same time, the fact that the total heat capacity at T=0 is zero places an additional confinement on the parameters:
. As a result, we have in total three free fitting parameters when we fit the experimentally measured Te (Fig. 4A ) to Eqs. (3) and (4). With the transient heat capacity and Eq. (1) in the main text, we can extrapolate the critical fluence for Ni at zero temperature, which is ~3.47 mJ/cm 2 .
The critical behavior of the nickel heat capacity represents the energy transfer into the spin bath when the system crosses the ferromagnetic-to-paramagnetic phase transition. In transient (Ce+Cm), the contributions of the electron heat capacity can be estimated under the free-electrongas approximation:
, as shown in fig. S8B . We note that when T<Tc, γ' is close to the value for thermal equilibrium (25). However, we find γ' is about 3 times larger than its thermal equilibrium counterpart when T> Tc, the reason of which requires further investigations. Using the transient Ce and Eq. (3) in the main text, we can estimate the peak electron temperature without spin contributions, which is shown as the pink dashed line in Fig. 4A . The offset in fluence of this curve to the experimentally measured peak electron temperature represents the amount of pump energy (ΔFS) transferred to the electron spin bath in ~20 fs. section S9. Effects of electron-phonon coupling and heat diffusion on Eq. 1.
In Eq.
(1) of the main text, we ignored the heat diffusion and electron-phonon coupling that could reduce the electron temperature at the surface measured using Tr-ARPES method. These two effects can be explicitly considered using two-temperature model (TTM)(48 
where Qe is the heat flux of electrons, G the electron-phonon (e-ph) coupling constant, τe the electron energy relaxation time, We note that τe varies from ~20 fs to 1 fs as the electron energy rises from 0.2 eV to 1.5 eV above EF (23). This value is shorter than the pump pulse duration (~28 fs). As a result, the dynamics of electron and lattice temperature have very weak dependence on the choice of τe. For convenience, we use τe= 10 fs in all the simulations. In eq. S3, the pump laser pulse is modeled
where F is the pump fluence, R the reflectivity, δ the IR-light penetration depth and tp the pump pulse FWHM width. The values of δ and tp are also listed in table S1.
The heat capacity Cem in eq. S3 is defined as the total heat capacity of the electron and spin systems (Ce+Cm). In the simulation, we use the temperature-dependent transient (Ce+Cm) as plotted in the inset of Fig. 4B of the main text. This choice is validated by the fact that the electron and spin systems are found to be strongly coupled in short time after pump excitation, evidenced by the critical behavior of the electron temperature at ~24 fs as shown in Fig. 4A . The coupled differential equations in eqs. S3 and S4 are numerically solved using MacCormack method. In fig. S9A , the simulation results of Te averaged over 1 nm under the sample surface are plotted in direct comparison with the electron temperature measured using Tr-ARPES in our experiments. We find very good agreement can be achieved for a range of pump fluence when a proper temperature-dependent e-ph coupling constant G is implemented. The value we used here is a factor of 3 stronger than values reported in Ref. (50) . Very interestingly, we find the TTM simulations results show that there exists a "kink" in the recovery dynamics of the electron temperature, whenever the electron temperature reduces to the critical temperature. This reproduces our experimental data very well, which in the time domain strongly supports that the transient electron and magnetic heat capacity influences the laser-induced dynamics. On the other hand, in order to account for the dynamics of the EUV reflectivity, the electron temperature averaged across the EUV probing depth (~10 nm) has to be taken into consideration, as shown in fig. S9B .
The calculations using TTM also allow us to investigate the contributions from heat diffusion and electron-phonon coupling to the model in Eq. (1). In fig. S9C , we plot the Te obtained from TTM simulation for 1) thermally isolated, same as Eq. (1) in the main text, by setting κe = 0 and G = 0, 2) heat diffusion only, by setting G=0 and κe ≠ 0 and 3) heat diffusion and e-ph coupling with G≠0 and κe ≠ 0. From the results, we can see that the surface electron temperature could be reduced by less than 100 K within 20 fs through heat diffusion when the sample is pumped by a relatively high fluence (5.8 mJ/cm 2 ). This value is expected to be much smaller at lower pump fluences. In contract, the e-ph coupling has negligible effects on electron temperature in 20 fs, because the characteristic time of e-ph coupling is on a time scale of ~100 fs. At the same time,
we can also investigate whether the convolution with the time-resolution of our measurement could affect the electron temperature measurements (dashed line in fig. S9C ). We find the time resolution of our experiment is sufficient to precisely capture the electron temperature in very short time scales. 
